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HIGHLIGHTS 


►  Two  kinds  of  persulfates,  Na2S208  and  (NH4)2S208,  were  used  to  extract  excess  lithium  from  Li[Li0.2Mn0.54Nio.i3Co0.i3]02  before  charge-discharge  test. 

►  Spherical  Li[Li0.2Mn0.54Nio.i3Co0.i3]02  material  shows  an  excellent  coulombic  efficiency  close  to  100%  at  the  first  cycle  after  Na2S208  treatment. 

►  The  enhanced  electrochemical  performance  of  the  treated  Li[Lio.2Mn0.54Nio.i3Co0.i3]02  material  is  attributed  to  the  extract  of  excess  lithium  component 
and  the  formation  of  spinel  phase  on  the  surface  of  the  material. 
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Spherical  Li[Lio.2Mn0.54Nio.i3Co0.i3]02  material  was  treated  with  persulfates  Na2S208  or  (NH4)2S208  to 
extract  lithium  to  increase  the  coulombic  efficiency  of  the  first  cycle.  The  two  persulfates  showed 
different  effects.  Na2S208  greatly  improved  the  first  cycle  efficiency  of  the  active  material  to  nearly  100%. 
The  rate  performance  was  also  increased  to  more  than  200  mAh  g-1  at  1C  rate.  The  reason  for  the 
improved  rate  performance  by  the  treatment  of  Na2S208  is  attributed  to  the  formation  of  spinel  phase  on 
the  surface  of  the  material  and  the  extraction  of  lithium  and  oxygen,  which  results  in  a  decreased 
electrochemical  resistance,  whereas  the  treatment  with  (NH4)2S208  deteriorated  the  electrochemical 
performance  of  the  Li-rich  compound  due  to  the  Li+/H+  exchange  and  the  collapse  of  the  layered 
structure. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-rich  compound  xLi2Mn03-(l-x)LiM02(M  =  Mn,  Ni,  Co,  or 
combinations)  has  attracted  much  attention  in  recent  years  mainly 
because  of  its  high  capacity  of  more  than  250  mAh  g1  at  low  rate 
[1-7].  In  these  compounds,  L^MnOs  and  L^MnOs-like  domains 
exist  with  short-range  order  within  a  LiM02  matrix  [1].  The 
Li2Mn03  component  is  proposed  and  demonstrated  to  stabilize  the 
crystal  structure,  resulting  in  the  enhancement  of  the  discharge 
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capacity  by  simultaneously  extracting  the  lithium  with  the  release 
of  oxygen  and  a  net  loss  of  Li20  at  potential  above  4.5  V  [7]. 

One  of  the  drawbacks  of  these  series  of  materials  is  that  they 
suffer  from  a  huge  irreversible  capacity  loss  of  40-100  mAh  g  1  in 
the  first  cycle  depending  on  their  compositions  [8].  The  irrevers¬ 
ible  capacity  loss  is  due  to  the  extraction  of  two  lithium  ions  from 
Li2Mn03  during  the  charging  process  and  the  inability  to  insert  all 
the  lithium  ions  back  into  the  lattice  during  the  discharge  [1,7]. 
For  practical  applications  of  these  materials,  the  first  cycle  effi¬ 
ciencies  must  be  improved.  A  strategy  to  achieve  this  is  to  extract 
certain  amounts  of  lithium  from  the  material  prior  to  the  cell 
assembly  using  acid  treatment.  This  method  can  increase  the 
coulombic  efficiency  to  almost  100%.  However,  this  treatment 
results  in  the  poor  cycling  stability  of  the  electrode,  likely  due  to 
the  H+/Li+  exchange  process  and  the  subsequent  removal  of 
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oxygen  (as  H2O)  during  the  following  dehydrating  process  [9]. 
Another  strategy  to  make  the  irreversible  capacity  loss  to 
0  mAh  g-1  is  to  blend  the  Li-excessive  compounds  with  Li-free 
insertion  hosts  such  as  V2O5,  VO2,  LiV3Os,  Li4Mn50i2  [8,10,11].  A 
third  strategy  to  decrease  the  irreversible  capacity  loss  is  that  of 
surface  coating,  which  may  be  attributed  to  the  retention  of  some 
oxide  ion  vacancies  in  the  lattice  after  first  charge  induced  surface 
modification  [9].  However,  this  method  cannot  eliminate 
completely  the  irreversible  capacity  loss. 

The  rate  capabilities  of  these  materials,  with  a  typical  discharge 
capacity  below  200  mAh  g-1  at  1C,  were  also  dissatisfactory  [12]. 
A1203  [13],  Al(OH)3  [14]  or  carbon  [15]  coating  can  decrease  the 
surface  impedance  and  facilitate  the  lithium  transport  through  the 
surface,  thus  improving  the  rate  performance. 

The  series  of  xLi2Mn03(l-x)LiNii/3Coi/3Mni/302  have  been 
reported  to  show  the  best  electrochemical  performance  when 
x  =  0.5  [16].  Here  we  introduce  a  facile  chemical  lithium  extraction 
method  with  the  use  of  oxidizing  agents  Na2S208  and  (NH4)2S208 
on  the  lithium-rich  compound  to  increase  the  charge— discharge 
efficiency  of  the  first  cycle.  The  change  of  the  structure  and  elec¬ 
trochemical  properties  of  Li[Lio.2Mno.54Nio.i3Coo.i3]02  after  treated 
with  the  two  persulfates  were  studied.  The  treatment  with  Na2S208 
leads  to  a  greatly  improved  first  cycle  efficiency  and  rate  perfor¬ 
mance,  with  no  damage  to  the  cycle  stability.  While  the  treatment 
with  (NH4)2S208  deteriorated  the  electrochemical  performance  of 
the  Li-rich  compound  due  to  the  Li+/H+  exchange  and  the  collapse 
of  the  layered  structure  as  seen  subsequently. 


2.  Experimental 

2.1.  Powder  preparation  and  treatment 

The  precursor  MC03  was  synthesized  using  a  co-precipitation 
method.  Mn,  Ni  and  Co  acetate  salt  solution  with  a  desired  stoi¬ 
chiometric  ratio  (54:13:13)  and  Na2C03  solution  were  added 
simultaneously  to  the  60  °C  vigorously  agitating  aqueous  solution 
to  form  the  carbonate  precipitate.  NH4OH  was  added  to  control  the 
pH  of  the  solution  within  7-8.  The  obtained  MC03  and  Li2C03  (10% 
excess)  were  mixed  and  calcined  in  air  for  5  h  at  500  °C  and  then  for 
20  h  at  900  °C. 

The  synthesized  materials  were  first  blended  in  Na2S208  or 
(NH4)2S208  solution.  The  tested  ratios  of  the  persulfate  to  the  active 
material  were  40,  50,  and  60%  by  weight.  The  mixed  solution  was 
stirred  and  then  fully  dried.  The  resulting  material  was  annealed  for 
10  h  to  decompose  Na2S208  at  200  °C  or  (NH4)2S20s  at  150  °C 
respectively.  Finally,  the  materials  were  washed  with  distilled 
water  three  times  to  remove  centrifugally  the  soluble  impurities 


such  as  Li2S04  and  Na2S04  from  the  materials.  The  obtained 
powders  were  then  dried  overnight  at  100  °C. 

2.2.  Structural  characterization 

X-ray  diffraction  (XRD)  of  these  samples  was  performed  on 
a  Bruker  D8  ADVANCE  diffractometer  with  Cu  K  a  radiation  oper¬ 
ated  at  40  kV  and  40  mA.  Data  were  collected  in  the  26  range  of  10— 
70° and  the  patterns  were  refined  by  the  Rietveld  method  with  the 
General  Structure  Analysis  Software  [17]  (GSAS  program,  Los  Ala¬ 
mos  National  Laboratory,  USA).  Scanning  electron  microscopy 
(SEM)  of  the  samples  were  observed  on  a  JEOL  6300F  electron 
microscope.  X-ray  photoelectron  spectroscopy  (XPS)  of  the  samples 
were  obtained  using  Kratos  Axis  Ultra  DLD  multi-technique  surface 
analysis  system,  and  with  monochromatic  Al  K  a  radiation,  the 
chemical  valence  state  of  the  transition  metal  elements  were 
determined.  Binding  energies  were  corrected  using  C  Is  peak 
(285.0  eV).  The  surface  structure  of  the  active  material  was  studied 
based  on  the  Raman  spectra  obtained  from  a  RM3000  spectro¬ 
photometer  (Renishaw)  with  a  laser  wavelength  of  632.8  nm  and 
power  of  20  mW. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  carried  out  using  CR2025 
coin  cells.  The  positive  electrodes  were  prepared  by  coating  a  slurry 
containing  80  wt%  active  materials,  10  wt%  Super-P  (TIMCAL),  10  wt 
%  PVDF  binder  (Kynar  761,  Arkema  Group)  on  Al  current  collector 
foils.  Lithium  foil  and  Celgard  2325  (Celgard  Inc.)  were  respectively 
used  as  the  anode  and  separator.  The  electrolyte  was  1  M  LiPF6 
dissolved  in  DMC/DEC/EC  1:1:1  (volume).  The  coin  cells  were 
assembled  in  a  glove  box  filled  with  Argon  (Mbruan,  Germany). 
Charge  and  discharge  performances  of  the  cells  were  investigated 
using  a  Neware  CT-3008W  Tester  (Neware  Co.,  Ltd,  Shenzhen, 
China)  between  2  and  4.8  V  at  25  °C  at  1C  and  2C  rates 
(1C  =  250  mA  g-1).  EIS  of  the  cells  was  obtained  from  a  Zahner 
Zennium  electrochemical  workstation  at  the  open  circuit  voltage, 
with  frequencies  from  100  KHz  to  10  mHz  and  perturbation 
amplitude  of  10  mV. 

3.  Results  and  discussion 

SEM  of  the  as-prepared  Li[Lio.2Mno.54Nio.i3Coo.i3]02  (Fig.  la) 
shows  that  most  of  the  particles  are  spherical.  The  largest  size  of  the 
particle  is  about  10  pm  as  shown  in  Fig.  1(b),  which  is  composed  of 
nanoscale  primary  particles.  There  are  also  many  smaller  particles 
in  the  micrometer  and  sub-micrometer  scale  dispersed  around  the 
larger  ones. 


Fig.  1.  SEM  of  as-prepared  Li[Lio.2Mn0.54Ni0.i3Coo.i3]02  at  different  magnification. 
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Fig.  2  shows  the  XRD  pattern  and  the  Rietveld  refinement  results 
of  GSAS.  Because  of  the  complexity  of  the  xLi2Mn03(l-x)LilV[02 
structures,  the  prototypic  R3m  symmetry  of  layered  UMO2 
compounds  was  used  for  the  refinement  [1].  The  values  of  Rp 
(2.7%),  Rwp  (3.59%)  and  x2  (1.867)  demonstrate  a  satisfactory 
refinement.  The  hexagonal  lattice  parameter  was  refined  to  be 
a  =  2.844(1 )  A,c=  14.218(3)  A.  The  weak  reflections  within  20°  and 
25°  were  originated  from  the  monoclinic  L^MnOs-like  (C2/m) 
super  lattice,  which  corresponds  to  the  ordering  of  the  Li+  and 
Mn4+  ions  in  the  transition  metal  layer  [12]. 

In  order  to  improve  the  first  cycle  efficiency  and  rate  capability, 
Yu  and  co-workers  of  Sanyo  Corporation  reported  a  method  where 
surface  treatment  of  the  Li-excess  material  with  (NFU^SCU  reagent 
deintercalates  part  of  lithium  ions  [12].  When  20  wt%  (NH4)2S04 
was  used,  the  first  cycle  efficiency  reached  96.5%  at  20  mA  g-1,  as 
well  as  a  significantly  improved  rate  capability  of  the  cathode 
materials.  The  authors  attributed  the  improvement  to  the  modifi¬ 
cation  of  the  surface  into  a  spinel-like  structure  as  a  result  of  the 
treatment.  On  the  other  hand,  oxidizing  agent  Na2S20g  has  been 
reported  to  delithiate  electrode  materials  such  as  LiCo02  and 
LiMn204  [18].  Therefore,  we  introduced  two  persulfates,  Na2S20g 
and  (NH4)2S208,  to  deintercalate  lithium  from  the  lithium-rich 
compound  with  intentions  to  improve  the  first  cycle  efficiency 
and  the  rate  capability. 

XRD  patterns  of  Na2S20g  treated  samples  are  shown  in  Fig.  3.  All 
samples  show  the  overall  retention  of  the  layered  character  with  no 
impurities,  indicating  no  structural  change  during  the  treatment. 
All  the  byproducts,  such  as  Li2S04  and  Na2S04,  were  washed  away 
during  the  centrifugation. 

The  XRD  patterns  of  (NH4)2S208  treated  samples  in  Fig.  4  (b,  c, 
and  d)  show  an  impurity  peak  around  19.4°.  This  is  likely  due  to  the 
slight  shift  of  the  (001 )  peak  of  L^MnC^  to  a  higher  26  value.  During 
the  treatment,  (NFI4)2S208  hydrolyzed  to  NFI4HSO4,  which  can  in 
turn  decompose  to  NH3  and  H2SO4  under  heating.  Therefore,  the 
closely  packed  oxygen  planes  shear  during  the  Li+/H+  ion-exchange 
reaction  to  create  alternate  layers  of  trigonal  prisms  where  the 
protons  reside,  causing  a  slight  contraction  of  the  oxygen  layers 
[19,20].  The  intensity  ratio  of  peak  (003)  to  peak  (104)  is  known  to 
be  a  measure  of  the  cation  mixing,  and  a  value  smaller  than  1.2  is  an 
indication  of  undesired  cation  mixing  [21].  It  can  be  seen  that  the 
intensity  ratio  of  the  peak  (003)  to  (104)  becomes  lower  with  the 
amount  of  (NH4)2S20s  used.  The  ratio  decreased  from  1.38  for 
pristine  material  to  1.13  when  60  wt%  (NH4)2S208  was  used,  indi¬ 
cating  the  growth  of  cation  mixing  caused  by  the  Li+/H+  exchange 
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Fig.  3.  XRD  patterns  of  Li[Lio.2Mn0.54Ni0.i3Coo.i3]02  treated  with  different  amount  of 
Na2S208  ((a)  pristine,  (b)  40  wt%  (c)  50  wt%  (d)  60  wt%). 


and  the  migration  of  transition  metal  cations  into  the  lithium  layer 
during  the  annealing  (drying)  step  of  the  material  [22].  The  splitted 
peaks  of  (006)  and  (102)  indicate  that  LiM02  has  a  layered  struc¬ 
ture.  After  the  treatment,  one  can  see  that  the  resolved  doublet 
peaks  (006)  and  (102)  gradually  merge  into  a  single  broad  peak. 
This  suggests  that  the  layered  structure  is  destroyed,  which  may 
damage  the  electrochemical  performance  of  Li[Li0.2Mn0.54- 
Nio.i3Coo.i3]02  as  seen  subsequently. 

Fig.  5  shows  the  1st  and  2nd  cycle  charge-discharge  profiles  of 
Li[Lio.2Mno.54Nio.i3Coo.i3]02  after  the  treatment  with  Na2S20s  at  1C 
(250  mA  g_1).  The  charge  profile  exhibits  two  phases.  The  one 
below  4.5  V  is  associated  with  the  oxidation  of  Ni2+  to  Ni4+  and 
Co3+  to  Co4+  [16].  The  other  at  approximately  4.5  V  becomes 
smaller  with  the  amount  of  Na2S20s  used  due  to  the  loss  of  oxygen 
from  the  layered  Li2Mn03  lattice  [23,24].  This  shows  that  the 
extraction  extent  of  lithium  increases  the  first  cycle  efficiency  of  the 
compounds.  When  40,  50  and  60  wt%  Na2S20s  were  applied,  the 
efficiencies  were  78.85  and  85.04  and  98.7%,  respectively,  much 
higher  than  that  of  the  pristine  material,  which  is  about  55.85%. 
Chemical  extraction  of  lithium  before  the  electrochemical  tests  can 
reduce  the  first-cycle  irreversible  capacity  loss  to  near  0  mAh  g-1 
without  compromising  the  discharge  capacity. 

Fig.  6  indicates  that  increasing  the  amount  of  Na2S20s  also 
enhances  the  capacity  of  LilLio.2Mno.54Nio.13Coo.BlO2  at  1C  and  2C 
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Fig.  2.  Rietveld  refined  results  for  the  XRD  pattern  of  Li[Lio.2Mn0.54Nio.i3Coo.i3]02  Fig.  4.  XRD  patterns  of  Li[Li0.2Mn0.54Nio.i3Coo.i3]02  treated  with  different  amount  of 
material.  (NH4)2S208  ((a)  pristine,  (b)  40  wt%  (c)  50  wt%  (d)  60  wt%). 
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Fig.  5.  The  1st  (solid  square)  and  2nd  (hollow  circle)  charge-discharge  curves  of  Li 
[Li0.2Mn0.54Nio.i3Co0.i3]02  at  1C  treated  with  different  amount  of  Na2S208  ((a)  pristine, 
(b)  40  wt%  (c)  50  wt%  (d)  60  wt%). 


rates.  The  detailed  electrochemical  data  are  listed  in  Table  1.  The 
cells  endured  an  activation  process  where  the  capacity  gradually 
increased  in  the  initial  20  cycles.  At  the  1st  and  50th  cycles,  the 
specific  discharge  capacity  of  the  treated  samples  was  191.6  and 
181.9  mAh  g_1,  respectively.  This  is  significantly  higher  than  the 
specific  discharge  capacity  of  the  1st  and  50th  cycles  of  the  pristine 
material,  which  was  175.2  and  152.1  mAh  g_1,  respectively.  The 
capacity  retentions  of  the  samples  were  similar  with  values  being 
all  above  80%  as  shown  in  Table  1,  indicating  that  the  retention  of 
the  capability  does  not  change  significantly  with  the  use  of  Na2S208 
at  1C.  Although  the  capacity  retentions  of  the  treated  materials  at 
2C  rates  were  slightly  lower,  they  were  still  higher  than  those  of  the 
reported  (NH^SCVtreated  samples,  which  only  delivered  62% 
specific  capacity  of  the  initial  one  after  30  cycles  [12]. 

The  charge-discharge  profiles  of  Li[Lio.2Mno.54Ni0.i3Coo.i3]02 
treated  with  (NH4)2S208  show  that  the  1st  charge-discharge  cycle 
efficiency  was  also  enhanced  (Fig.  7),  although  the  capacity  was 
lower  than  that  of  the  pristine  one.  When  the  amount  of 
(NH4)2S208  reached  60  wt%,  the  treated  cathode  material  showed 
higher  discharge  capacity  than  charge  capacity,  indicating  that  too 
many  lithium  ions  had  been  extracted  during  the  treatment. 
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Fig.  6.  Cycle  performance  of  Li[Li02Mn0.54Nio.i3Co0.i3]02  treated  with  Na2S208  solution 
at  1C  and  2C  rates. 


Table  1 

Electrochemical  properties  of  Li[Li0.2Mn0.54Nio.i3Co0.i3]02  treated  with  Na2S208. 


Amount 
of  Na2S208 

1st  cycle 
capacity 
(mAh  g"1) 

The  highest 
capacity 
(mAh  g"1) 

50th  cycle 
capacity 
(mAh  g"1) 

50  Cycle 
retention 
at  1C 

50  Cycle 
retention 
at  2C 

Pristine 

175.2 

181.1 

152.1 

84.0% 

82.7% 

40  wt% 

186.5 

198.9 

161.2 

81.1% 

75.6% 

50  wt% 

194.8 

206.1 

173.3 

83.8% 

73.0% 

60  wt% 

191.6 

207.1 

181.9 

87.8% 

75.7% 

Fig.  8  compares  the  cycle  capability  at  1C  and  2C  rates  of 
(NH4)2S208  treated  samples.  Although  there  was  a  significant 
capacity  increase  during  the  activation  process,  the  capacity  of  the 
samples  was  still  not  satisfactory.  The  highest  capacity  is  less  than 
140  mAh  g-1  when  40  wt%  (NH4)2S208  was  used,  much  lower  than 
that  of  the  samples  treated  with  Na2S208.  Furthermore,  increasing 
the  amount  of  (NH4)2S208  deteriorates  the  electrochemical 
performance.  The  electrochemical  data  clearly  demonstrate  that 
the  Li-rich  compounds  were  damaged  by  the  (NH4)2S208 
treatment. 

The  reason  for  the  poor  electrochemical  performance  of 
(NH4)2S208  treated  samples  compared  with  Na2S208  may  be 
attributed  to  the  pH  variation  of  the  solution  during  the  treatment 
process  caused  by  chemical  decomposition.  The  pH  values  of 40, 50, 
and  60  wt%  (NH4)2S208  solution  with  Li[Li0.2Mno.54Ni0.i3Coo.i3]02 
after  stirring  were  7.4,  7.3,  and  7.1,  respectively,  while  the  same 
weight  percentages  for  the  Na2S208  solution  after  the  treating 
process  had  pH  values  of  9.1,  8.7,  and  8.3,  respectively.  However, 
when  the  solution  that  containing  (NH4)2S208  was  heated  to 
evaporate  water,  the  pH  value  dropped  quickly  to  around  2,  while 
the  pH  value  of  the  solution  containing  Na2S208  was  still  higher 
than  7  after  heating  for  30  min,  and  higher  than  6  even  when  water 
was  almost  dried  up.  The  low  pH  value  of  the  heated  (NH4)2S208 
solution  was  likely  resulted  from  the  decomposition  of  NH4HSO4  to 
NH3  and  H2SO4.  The  emergence  of  strong  acid  H2SO4  makes  the  Li +/ 
H+  exchange  so  fast  that  it  damaged  the  layered  structure  of  Li 
[Lio.2Mno.54Nio.i3Coo.i3]02.  On  the  other  hand,  Na2S208  was  more 
stable  than  (NH4)2S208  in  the  solution  during  heating,  which  only 
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Fig.  7.  The  1st  (square),  2nd  (circle)  and  3rd  (triangle)  charge-discharge  curves  of  Li 
[Lio.2Mn0.54Nio.i3Co0.i3]02  at  1C  treated  by  different  concentration  of  (NH4)2S208 
solution  ((a)  40  wt%  (b)  50  wt%  (c)  60  wt%). 
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Fig.  8.  Cycle  performance  of  Li[Lio.2Mn0.54Nio.i3Co0.i3]02  treated  with  (NH4)2S208  at  1C 
and  2C  rates. 


results  in  a  minor  change  of  pH  value.  That  is  likely  to  be  the  reason 
why  the  electrochemical  performance  of  LiILio.2Mno.54Nio.13Coo.13] 
O2  treated  with  Na2S208  was  better  than  that  of  the  ones  treated 
with  (NH4)2S208. 

The  dashed  lines  in  Fig.  9  indicate  that  after  the  treatment  of 
Na2S208,  Ni2+,  Co3+,  Mn4+  2P3/2  remain  at  their  original  binding 
energies  of  642.4,  780.5,  and  855.1  eV,  respectively.  Therefore,  the 
valences  of  Mn,  Co,  Ni  did  not  change  after  the  precondition 
process.  Since  lithium  was  extracted  from  the  active  material 
during  the  process,  some  oxygen  might  be  released  from  the  lattice 
in  order  to  keep  the  valences  balanced.  The  differential  capacity  d QJ 
dV  plots  also  support  this  suggestion.  Comparing  the  four  voltage 
profiles  in  Fig.  10,  the  major  difference  lies  in  the  peak  in  the  region 
of  4.5-4.6  V,  which  corresponds  to  the  release  of  O2  from  the  active 
material.  The  obvious  decrease  in  the  intensity  and  the  area  of  the 
peak  with  the  increase  of  Na2S208,  implies  that  the  O2  release  was 
greatly  suppressed  after  the  treatment.  This  suggests  that  a  certain 
amount  of  oxygen  ions  may  have  been  leached  together  with 


Fig.  9.  XPS  spectra  of  Mn  2p,  Ni  2p  and  Co  2p  in  Li[Lio.2Mn0.54Nio.i3Coo.i3]02  treated 
with  different  amount  of  Na2S208((a)  pristine,  (b)  40  wt%  (c)  50  wt%  (d)  60  wt%). 


lithium  ions  from  the  lattice  of  the  active  material  during  the 
Na2S208  treatment. 

The  reaction  mechanism  may  be  as  follows: 

Li1.2M0.8O2  +  xNa2S208  — ►  Li1.2-2xM0.8O2-*  +  xNa2S04 
+  xLi2S04  +  x/202 

Raman  spectroscopy  was  obtained  to  investigate  the  change  in 
the  surface  structure  of  Li[Li0.2Mn0.54Ni0.i3Coo.i3]02.  In  Fig.  11,  the 
pristine  material  shows  two  major  peaks  at  around  480  and 
596  cm-1,  which  correspond  to  the  M-0  stretching  v\  (Aig)  and  the 
O-M-O  bending  V2  (£g)  of  layered  LiM02  compound,  respectively. 
After  the  Na2S208  treatment,  the  596  cm-1  peak  disappeared  and 
a  new  peak  at  620-632  cm”1  emerged,  which  indicates  that  there 
was  a  change  of  the  surface  structure  of  the  active  material.  These 
new  peaks  resemble  those  of  spinel  material.  The  peak  at  625  cm-1 
(Aig)  represents  the  Mn-0  symmetrical  vibration  in  Mn06  octa¬ 
hedron,  whereas  the  peak  at  480-485  cm-1  corresponds  to  one  of 
l2g  symmetries  of  the  spinel  material  [25]. 

Yu  and  co-workers  reported  that  the  (NH4)2S04  treatment  on 
Li1.2M0.8O2  leads  to  the  formation  of  spinel-like  structure  [12].  Since 
spinel  is  structurally  compatible  with  the  layered  structure,  where 
both  share  the  same  oxygen  arrangement  but  differ  in  their 
arrangements  of  Li  and  transition-metal  atoms,  the  formation  of 
a  surface  spinel  layer  most  likely  involves  the  removal  of  Li  and  O 
from  the  surface  of  Li-excess  materials.  Therefore,  the  major  reason 


Raman  shift/cm 


Fig.  11.  Raman  spectra  of  Li[Lio.2Mno.54Nio.i3Coo.i3]02  treated  with  different  amount  of 
Na2S208  ((a)  pristine,  (b)  40  wt%  (c)  50  wt%  (d)  60  wt%). 
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Fig.  12.  EIS  plots  of  the  LitLio.2Mno.54Nio.13Coo.13p2  treated  with  Na2S208.  The  inset 
shows  the  equivalent  circuit  for  the  impedance  spectra.  The  lines  in  the  plots  represent 
fitting  results. 

for  the  improved  rate  capabilities  of  Na2S20g  treated  samples  is 
likely  due  to  the  formation  of  the  spinel-like  phase  on  the  surface  of 
pristine  Li[Lio.2Mn0.54Nio.i3Co0.i3]02. 

The  EIS  measurements  of  the  pristine  and  treated  samples  were 
carried  out  at  open  circuit  status.  All  impedance  spectra  curves  in 
Fig.  12  are  composed  of  a  depressed  semicircle  in  high  frequency 
region  and  a  sloping  line  in  low  frequency  region,  each  corre¬ 
sponding  to  the  charge  transfer  process  and  the  lithium  ion  diffu¬ 
sion  in  the  bulk  of  the  material,  respectively.  An  equivalent  circuit 
model  was  found  (Fig.  12  inset)  to  fit  the  impedance  spectra  well; 
where  Rs  is  the  resistance  of  the  solution  and  Rct  is  the  charge 
transfer  resistance  in  the  electrode/electrolyte  interface.  Constant 
phase-angle  element  (CPE)  indicates  the  non-ideal  double  layer 
capacitance,  where  W0  refers  to  Warburg  impedance.  The  fitted 
results  of  EIS  are  consistent  with  electrochemical  properties  of  the 
pristine  and  treated  lithium  rich  compounds.  There  was  a  huge 
reduction  in  the  resistance  of  charge  transfer,  from  85.39  Q  of 
composite  electrode  fabricated  based  on  pristine  Li[Lio.2Mn0.54- 
Nio.i3Coo.i3]02  to  less  than  50  Q  when  the  same  electrode  material 
is  treated  with  Na2S20g.  The  reduction  of  Ra  may  facilitate  lithium 
transfer  on  the  electrode/electrolyte  interface,  thus  leads  to 
improved  rate  capability.  The  decreased  slope  in  the  low  frequency 
region  for  50wt%  sample  requires  further  analysis  which  is  beyond 
the  scope  of  this  study. 

4.  Conclusion 

The  layered  solid  solution  Li[Li0.2Mno.54Ni0.i3Coo.i3]02  had  been 
synthesized  and  treated  with  either  Na2S20g  or  (NH4)2S20g.  The  use 
of  Na2S20g  improved  the  first  cycle  charge-discharge  efficiency  of 
the  active  material  to  nearly  100%,  in  addition  to  enhanced  rate 
performance.  The  (NH4)2S208  treated  samples  showed  poor  elec¬ 
trochemical  performance  due  to  structure  damages  at  low  pH.  A 
reaction  mechanism  for  the  Na2S20g  treatment  is  proposed,  in 


which  lithium  and  oxygen  are  extracted  simultaneously  from  the 
active  material  and  the  transitional  metal  elements  retain  the  same 
valence.  Raman  spectra  indicated  the  formation  of  spinel  phase  on 
the  surface  of  the  active  material.  This  spinel  phase  with  a  three- 
dimensional  diffusion  route  can  decrease  the  charge  transfer 
resistance  as  well  as  facilitate  the  lithium  ion  transfer  and  diffusion 
process  through  the  surface,  leading  to  an  improved  electro¬ 
chemical  performance. 
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